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Resume. La technique de compaction dynamique qui presente I'interCt de ne necessiter aucune chaleur exterieure 
pour la consolidation ete utilisee pour compacter de I'hydroxyapatite Les essais ont montre qu'une precompaction 
statique de 3 MPa et une compression dynamique d'impact direct de projectile vers 50 m/s permettaient d'obtenir des 
compacts possedant un degre de compaction proche de 65% et une resistance en tension egale a 12 4 + 17 7 MPa 
Cette resistance du mZme ordre que celle de compacts obtenus par frittage indiquerait par ailleurs qu'une 
consolidation se serait produ~te au cours de la compaction dynamique 
Abstract. Dynamic compaction which requires no external heating for consolidation was used to compact 
hydroxyapatite. Static precompaction of 3 MPa and dynamic compaction using a projectile velocity of 50 mls resulted 
in compacts having a compaction degree of 65% and a tensile strength of 12 4 + 2 7 MPa This strength was very 
close to that obtained with sintered compacts one and seemed to indicate that some interparticle boundaries had been 
created during dynamic compaction 
1. INTRODUCTION 
Numerous biomaterials have been developped as alternatives to autogenous and allogenous bone grafts. 
Among these synthetic bone substitutes, calcium phosphate ceramics have been used successfully in 
orthopedics, dentistry and facial surgery [1,2,3,4]. Yet the incorporation of a therapeutic agent (antibiotic, 
growth factor, etc.) would appear to be of interest for the treatment of certain pathologies, allo\ving 
sustained release of the drug in adjacent bone. The conventional ceramic manufacturing process involves 
consolidation of powder by compaction and heating to achieve sintering of the material. Heating is 
necessary to strengthen the material but prevents mixing of the therapeutic agent with calcium phosphate 
powder before compaction. Furthermore crystallinity and morphological features of the powder change 
with high temperatures [5,6,7,8] and unstable materials alter when heated 171. 
Dynamic compaction is a technique used to produce bulk material from metallic powders at room 
temperature [9,10,11,12,13,14,15,16,17] and appeared to have a potential interest for the elaboration of 
new bioceramics particularly composites associating calcium phosphates and therapeutic agents. 
Consolidation is achieved by a shock wave produced by a piston impact or explosives placed around the 
powder. This wave deforms powder particles so quickly that interparticle melting and welding occur 
without external heating. 
The present study determined the quantitative compaction parameters of hydroxyapatite powder and 
investigated the mechanical characteristics of the compacts. 
2. MATERIALS AND METHODS 
2.1 Experimental procedure 
Shock compaction parameters were determined using hydroxyapatite powder (Merck, Darmstadt, 
Germany). 
The shock compaction system was positioned horizontally so that static precompaction of the powder had 
to be performed before firing. The powder was compacted uniaxially in a 20 mm diameter cylindrical die 
(I'  Pre.sei~c mrlrli~r.~.~: Laboratoire d e  Pharmacie GalCniquc. Facult6 de Pharmacie. 2 rue du Dr Marcland. 
87025 Limoges. France 
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using a Testwell-type testing machine (figure 1). Crosshead compaction velocity was kept constant at 
10 mmlmin. 
The dynamic compaction system is shown in figure 2. The Hopkinson bar apparatus (gas pressure 0 to 
2 MPa) fired a 20 mm diameter and 86 mm length projectile into the same lubricated die used for static 
compaction. Projectile velocity was measured by means of two photodiodes positioned on the gas drive. 
Strain gauges fixed on the transmission bar permitted the measurement of the transmitted compression 
wave. 
Figure 1. Static precompaction system 
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Figure 2 : Dynamic compaction system 
2.2 Compact characteristics 
Morphological features were examined by SEM. Relative density D, i.e the ratio of the apparent density 
of the compact to the true density of the powder, was calculated to express the compaction degree. Each 
compact was prepared with 4 g of powder and the true density of hydroxyapatite (2.95 g'cm3) was 
measured using an Accupyc 1330 helium-air pycnorneter (micromeritics, USA). The maximum tensile 
strength was determined by a diametral compression test [I 81 : 
P : applied load (N) 
D : specimen diameter (mm) 
e : specimen thickness (mm) 
As controls, samples prepared by static compaction and sintered at 1 ,050°C were also tested (Table 1) 
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Table 1: Elaboration parameters of the compacts 
3. RESULTS AND DISCUSSION 
3.1 Compaction parameters 
sarnpk 
A 
B 
C 
D 
E 
F 
G 
Degree of compaction and SEM observations of compacts elaborated using various static precompactions 
and stricker velocities ranging from 0 to 50 m/s [I91 showed that similar final compaction degrees were 
achieved regardless of the static precompaction used before firing. A high static precompaction resulted 
in large peripheral cracks, indicating inhomogenous densification. 
With the present compaction system, the highest densities obtained with hydroxyapatite powder were 
about 70% (static precompaction of 3 10 MPa and projectile velocity of 50 mts). From the point of view 
of the powder-compaction industry, the remaining micropores might appear as a drawback. However, 
microporosity is necessary in biomaterials since it allows internal biological fluids circulation, thus 
promoting bioactivity, while retaining sufficient mechanical properties. 
static precornpaction (MPa) 
155 
155 
62 
62 
62 
3 
3 
number of samples 
4 
2 
5 
1 
3 
1 
5 
3.2 Tensile strength 
As can be observed in figure 3, tensile strength depended on the compaction degree of the compacts. 
Mechanical strength improvement with sintering time (groups B to E) appears to be linked to the 
formation of bridges between particles. Indeed samples from group B had low compaction degree (53%) 
indicating that no consolidation had occured but only particle reorganization. On the other hand sintering 
at 1,050°C during 60 minutes (group D) permitted the formation of interparticle boundaries in the 
compacts and the beginning of densification (compaction degree of 59%) which resulted in higher tensile 
strength (10.9 ? 0.8 MPa). Since compacts obtained by dynamic compaction with a projectile velocity of 
50 mls (group G) possessed similar tensile strength (12.4 + 2.7 MPa) as sintered compacts from group D, 
it is suggested that dynamic compaction had created interparticle boundaries. 
sintering (1,OWC) 
I 
5 rnin 
20 min 
30 min 
60 min 
I 
I 
4. CONCLUSION 
projedile velocity (ds) 
I 
I 
1 
I 
I 
25 
50 
Dynamic compaction of hydroxyapatite powder at particle velocities of about 50 mls produced compacts 
with a 65% compaction degree and a tensile strength of about 12.4 MPa This tensile strength was close 
to that of sintered compacts which indicated that interparticle boundaries had been created during 
dynamic compaction. As this process does not require any external heat for powder consolidation, 
dynamic compaction was used to produce dmg-loaded calcium phosphate ceramics. Indeed it has been 
shown in a previous study that human growth hormone and vancomycin were not denaturated during 
shock compaction 1201. In v~tro study also demonstrated that the biological activity of human growth 
hormone was totally preserved after dynamic compaction [21]. Therefore this compaction process 
appears useful to produce biomaterials incorporating a therapeutic agent. The kinetics of release of the 
therapeutic agent could be modified by changing either the material solubility or the compact porosity. 
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Figure 3: Tensile stren$h as a function of compaction degree 
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